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3 Abstract 

Patients with advanced cirrhosis experience frequent infections 
leading to sepsis, which carries high mortality. While innate 
immune dysfunction underlies this vulnerability, the precise cause 
remains elusive. We found prostaglandin (PGE2) elevated in 
acutely decompensated (AD) patients at immunosuppressive 
levels. Plasma from AD and end-stage liver disease (ESLD) 
patients suppressed macrophage cytokine secretion and bacteria 
killing in a PGE2 receptor-dependent manner, effects not seen in 
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stable cirrhosis. Mouse models (bile duct ligation and CCL4-liver 
injury) also demonstrated elevated PGE2, which when inhibited 
completely restored immune competence and survival following 
infection. Importantly, albumin binds/inactivates PGE2 resulting 
in greater PGE2 bioavailability. This results in enhanced 
immunosuppressive effects of AD plasma in patients with low 
albumin levels. Administering albumin to AD patients reversed 
immunosuppressive properties of their plasma; protective effects 
recapitulated in rodent survival studies. Thus, elevated 
PGE2 combined with hypoalbuminemia mediates 
immunosuppression in AD and ESLD patients, which can be 
reversed with albumin. 

Keywords: Albumin, macrophages, lipid mediators, acute 
decompensation 
Liver cirrhosis is the 6th leading cause of death in high income and 
the 9th in low income countries1. Cirrhosis patients have an 
increased predisposition to and mortality from infection2. In 50% 
of cirrhosis patients infection is the precipitant for hospital 
admission and a further 15-35% develop nosocomial infections 
compared to 5-7% of general medical admissions3. Of those who 
develop sepsis and organ dysfunction, 80-90% will die4. 
Multimodal defects in the innate immune response have long been 
recognized5–7, however the underlying cause remains elusive. No 
effective immune restorative treatment exists. Whilst antibiotic 
prophylaxis in cirrhosis patients with upper gastrointestinal 
bleeding reduces bacterial infection and all-cause mortality8, their 
use in non-bleeding patients has not been substantiated, and the 
development of antibiotic resistance is a major concern9. 

Cirrhosis patients are markedly heterogeneous, with critical 
variance in both aetiology and stage of disease. Clinical 
presentation and management is largely dictated by the latter. Key 
divisions include stable/early cirrhosis (Childs score A), end stage 
liver disease (ESLD) and acute decompensation (AD). 
Susceptibility to infection, reflecting underlying immune 
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dysfunction is highest in AD patients and lowest in stable 
cirrhosis10. Decompensated cirrhosis patients typically present 
with hepatic encephalopathy, ascites, variceal bleeding, alcoholic 
hepatitis and hyperbilirubinaemia. AD refers to patients 
presenting either for the first time or with acute on chronic liver 
failure (AoCLF, an acute deterioration of pre-existing, chronic liver 
disease, usually related to a precipitating event and associated 
with increased mortality at 3 months due to multisystem organ 
failure11). 

Cyclooxygenase (COX)-derived lipid mediators have broad 
immunosuppressive effects12–15 that could explain the aetiology of 
infection susceptibility in cirrhosis patients. Thus, we used a 
number of in vitro and in vivo assays using plasma from patients 
with AD and ESLD derived from clinical trials to investigate the 
role of bioactive lipid mediators in immunosuppression as well as 
animal models of liver injury for survival analyses. 

Go to: 

4 Results 

5 Prostaglandin E2 (PGE2) is elevated in patients with acute 

decompensation at levels that are immunosuppressive via its 

effect on the EP2/3 receptor 

ESI/LC-MS/MS analysis of acutely decompensated patient plasma 
(day 1-2 of hospital admission) demonstrated significantly 
elevated PGE2, PGF2α, 5- and 15-HETE compared to HV (Figure 
1A and supplementary Figure 1E-G). However, only 
PGE2 dampened TNFα release from LPS-stimulated human 
monocyte-derived macrophages when pre-treated with the mean 
concentrations observed in AD patients (0.1ng/ml) (Figure 1B). 
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Figure 1 

Elevated immunosuppressive PGE2 in the plasma of patients admitted to 

hospital with Acute Decompensation (AD). 
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(A) LC/ESI-MS/MS was used to identify, PGE2, among other lipids mediators 1, as 

being elevated in the plasma of AD patients (see supplementary Figure, n=8 for 

healthy volunteers and n=14 for AD patients, 3 technical replicates performed) at 

levels that are immunosuppressive as determined by inhibition of (B) TNFα 

synthesis from LPS-stimulate human monocyte-derived macrophages, 

(experiments were carried out on cells from n=7 healthy volunteers in duplicate). 

(C) Plasma from AD patients inhibited TNFα release from LPS-stimulated 

(200ng/ml) human monocyte-derived macrophages as well as (D) bacterial killing 

by these cells in a PGE2 receptor-dependent manner (AH6809 [EP1-3 antagonist], 

50μM); plasma from n=35 patients was used with experiments carried out in 

duplicate). The immune-suppressive effect of AD persisted for at least six days post 

hospitalization as determined by its EP-receptor dependent suppression of (E) 

TNF and elevation of (F) anti-inflammatory IL-10 using plasma from (n= 3-15 

patients. Data is represented as average ± SEM. * P<0.05 ** P<0.01 ***P<0.001, 

ANOVA. 

Human monocyte-derived macrophages were incubated with 
culture media supplemented with 25% (vol./vol.) plasma from AD 
patients (see Table 1 for clinical characteristics). Compared to 
macrophages treated with media supplemented with HV plasma, 
AD plasma caused a significant decrease in LPS-stimulated TNFα 
that was reversed by pre-incubating macrophages with the E-
prostanoid (EP) 1-3/D-prostanoid (DP) 1 receptor antagonist, 
AH6809 (Figure 1C). Additionally, macrophages were incubated 
with E. coli in the presence/absence of HV or AD plasma. 
Compared to macrophages treated with HV plasma, those with AD 
plasma exhibited reduced bacterial killing, an effect reversed by 
pretreatment with AH6809 (50μM) (Figure 1D). AH6809 had no 
direct bactericidal effect while cell viability was unaffected by 
plasma. Baseline TNFα levels within AD plasma were >1000-fold 
lower than in cell culture. 

6 Table 1 

Patient Clinical Characteristics from DASIMAR study 
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ADMIS n=22 

(median, IQR) 

ADLIS n =13 

(median, IQR) 

P value Overall 

n=35(median, 

IQR) 

% 63 27   

Age 49.5 (46.5-

64.5) 

54 (48-70) 0.56 52 (47-65) 

Sex (males) 16 (73%) 6 (46%)  22 (63%) 

Albumin 28 (24-30) 30 (28-31.5) 0.0012 29 (27-31) 

INR 1.7 (1.4-2.04) 1.6 (1.23-2) 0.93 1.7 (1.4-2) 

Creatinine 62 (47-109) 62 (47.5-122) 0.54 62 (49-108) 

MELD score 19.4 (15.6-

21.8) 

18.39 (12.1-

21.4) 

0.93 19 (14.2-23) 

Positive 

microbiology 

6 3  9 

Died during 

admission 

2 1  3 

Died within 6 

months 

7 4  11 

Length of stay 

(days) 

11.5 (8-28) 10 (5.5-19) 0.22 11 (7-25) 

CRP 28 (115-50.5) 23 (5-43.5) 0.24 26 (13-49) 

Bilirubin 78 (34-119) 53 (19-73) 0.87 67.5 (24-104) 

Cause of cirrhosis 15 Alcohol 

(68%) 

6 Alcohol (46%)  21 Alcohol (60%) 

3 NASH 3 NASH  6 NASH (17%) 

1 PBC 1 PBC  2 PBC 

1 Sarcoid 1 Cryptogenic  2 HCV 

1 Congenital 

hepatic 

fibrosis 

1 HBV 
 

1 HBV 

1 HCV 1 HCV  1 Congenital 

hepatic fibrosis 

PGE2 0.12 (0.09-

0.16); n=7 

0.065 (0.035-

0.085); n=6 

0.005 0.09 (0.065-0.13); 

n=13 



 
ADMIS n=22 

(median, IQR) 

ADLIS n =13 

(median, IQR) 

P value Overall 

n=35(median, 

IQR) 

PGE2/albumin 0.0041 

(0.0036-

0.0058); n=7 

0.002 (0.001-

0.0028); n=6 

0.001 0.003571 

(0.0022-0.0049); 

n=13 

NH3 208 (128-

260.5); n=5 

151; n=1  204 (133-236); 

n=6 

Ischemia modified 

albumin ratio 

(IMAR) 

0.025 (0.014-

0.06); n=10 

0.011 (0.005-

0.02); n=5 

0.075 0.017(0.01-0.04); 

n=15 

Open in a separate window 

Plasma from AD patients showed persistent AH6809-mediated 
immunosuppression up to day six post admission as defined by 
reduced TNFα and elevated IL-10 (Figure 1E-F). Importantly 
although ~60% of AD plasma samples from day 1 of admission 
induced immunosuppression in a PGE2-dependent manner (Figure 
1C), all patients’ plasma sampled from days 2-6 did so (Figure 1E-
F). 

7 PGE2 mediates immunosuppression in patients with 

ESLD but not in stable cirrhosis or non-cirrhotic liver disease 

Plasma from patients with ESLD from samples taken at week 1 
and week 24 of follow up significantly impaired macrophage 
TNFα synthesis, which was again reversed by AH6809 (Figure 
2A). In contrast, samples from stable cirrhosis (Child score A) or 
non-cirrhotic liver disease outpatients had no effect on 
macrophage function (Figure 2B). In stable cirrhosis patients 
PGE2 levels were found to be twice healthy volunteer levels as 
opposed to the 7-fold increase in AD patients (Figure 1A and 
supplementary Table 1). 
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Figure 2 

PGE2 is immunosuppressive in patients with End Stage Liver Disease awaiting 

liver transplantation, but not in stable cirrhosis or non-cirrhotic liver 

disease. 
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(A) Plasma from n=13 patients awaiting liver transplant taken over 24 weeks 

significantly impaired LPS-stimulated macrophage TNFα synthesis in an EP 

receptor-dependent manner using AH6809 (EP1-3 antagonist, 50μM), with no 

such immunosuppression observed in plasma from (B) n=16 stable cirrhosis 

(Child score A) or non-cirrhotic liver disease outpatients n=5. (C) rtPCR revealed 

significantly elevated COX-2 (two-tail t-test, p<0.00001), but not COX-1 in 

peripheral blood mononuclear cells isolated from AD patients compared to healthy 

volunteers (n=5 per group). Both (D) bile duct ligation (BDL) and carbon 

tetrachloride (CCL4) liver injury models, both revealed elevated plasma PGE2 (n≥6 

mice/group), COX 2 was found in liver Kupffer cells as well as in alveolar 

macrophages, micrographs from n=3 experiments are presented. * P<0.05 

** P<0.01 ***P<0.001, ANOVA. 

8 COX 2 is elevated in monocytes, liver Kupffer cells and 

alveolar macrophages implicating these cells as the likely 

source of PGE2 

rtPCR revealed increased expression levels of COX 2 (p<0.00001), 
but not COX 1 in peripheral blood mononuclear cells of AD 
patients compared to healthy volunteers (n=5/group, Figure 2C). 
Immunohistochemical analysis of all organs from CCL4 mice 
(which have elevated PGE2, Figure 2D) demonstrated up-
regulation of COX 2 in Kupffer cells and alveolar macrophages 
compared to shams but not in gut, aorta, heart or kidneys (Figure 
2E and F). 

9 Inhibiting PGE2 increased bacterial killing and restored 

survival in animal models of liver injury 

BDL mice exhibit a similar phenotype to AD patients (high 
bilirubin and low albumin, supplementary Table 3) including >5-
fold elevated concentrations of PGE2 (Figure 2D). As in human 
studies (Figure 1), BDL plasma suppressed macrophage TNFα and 
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IL-6 release, but increased IL-10 (Figure 3A and supplementary 
Figure 2A and B) without affecting macrophage viability. This was 
reversed by pretreating mice with the non-selective COX inhibitor 
indomethacin whereas no reversal was seen in mice given 
baicalein (lipoxygenase inhibitor), SKF525A (p450 inhibitor) or 
heat-treated (protein denatured) plasma. Experiments using a 
second model of CCL4 cirrhosis showed similar findings (Figure 
3B). 
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Figure 3 
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Inhibiting PGE2 reversed impaired bacterial killing and restored survival 

following bacterial infection. 

Plasma from BDL (A) or CCL4 (B) mice with/without the non-selective 

cyclooxygenase inhibitor (indomethacin, 3mg/kg p.o. to suppress circulating 

PGE2 [n≥6 mice/group]) was incubated with peritoneal macrophages from naïve 

mice. Bile duct ligated mice were administered (C) i.p. or (D) i.v. Group 

B streptococcus 1h after indomethacin treatment to determine effects of inhibiting 

PGE2 on bacterial killing in vivo (n≥8 mice/group) while the impact of 

cyclooxygenase inhibition on animal survival over time is shown in panel (E). The 

outcome of chronic PGE2 inhibition on cirrhotic mouse liver is shown in (F), 

micrographs from n=3 experiments are presented. Data is represented as average 

± SEM. * P<0.05 ** P<0.01 ***P<0.001, ANOVA. 

BDL mice were injected with live Group B streptococcus (GBS, 
NCTC10/84, serotype V). Consistent with immunosuppression, 
bacteria were significantly elevated in BDL blood after 3 h 
compared to shams (Figure 3C and D). However, dosing BDL mice 
with indomethacin (inhibiting PGE2 concentration by >80%) 1h 
before GBS administration restored bacterial killing to sham levels 
when bacteria were injected either i.p. (Figure 3C) or i.v. (Figure 3 
D). Indomethacin restored the reduced survival observed 
following GBS challenge in BDL mice to that of shams (Figure 3E). 
In the lung PGE2 protects against fibrosis16 and therefore reducing 
levels may be beneficial for infection but worsen liver fibrosis. 
Histological analysis with H&E and Masson trichrom staining of 
the livers however showed no difference between celecoxib 
(selective COX 2 inhibitor) and non-celecoxib treated CCL4 mice 
(Figure 3F). 

10 Albumin reverses the immunosuppressive effect of PGE2 

Correlating levels of TNFα from macrophages incubated in the 
presence of AD plasma with corresponding) plasma PGE2 levels 
resulted in modest r2 of 0.41 (p=0.085). Albumin binds to A- and 
E-type PGs by attaching to the ligand-binding site I in subdomain 
2A17. Mass spectroscopy measures PGE2 that is both free and 
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albumin-bound and so we postulated that immunosuppression 
might be a consequence of the bioavailability of PGE2 as 
determined by the blood albumin concentration. Expressing AD 
plasma PGE2 levels as a function of corresponding albumin levels 
and then correlating these values with macrophage TNFα 
synthesis resulted in a r2 value of 0.72 (p=0.0076) (Figure 4A). 
Adding albumin to AD plasma in order to restore levels to 
40mg/dl, equivalent to HV plasma, reversed AD plasma induced 
suppression of TNFα generation (Figure 4A). Supplementing 
culture media with 40mg/dl of albumin impairs PGE2 inhibition of 
TNFα synthesis (Figure 4C). 
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Figure 4 

PGE2-mediated immunosuppression by AD plasma is reversed by albumin. 

(A) AD plasma PGE2 levels were corrected for corresponding albumin levels, which 

correlated significantly with the effects of these AD samples on LPS-stimulated 
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human monocyte-derived macrophage TNFα synthesis. (B) AD samples were 

supplemented with human albumin to restore average levels back to 40 g/l (mean 

albumin levels in AD plasma = 25.4g/l) and then incubated with LPS-stimulated 

(200ng/ml) human monocyte-derived macrophages, plasma from n=19 patients 

were used with experiments carried out in duplicate. (C) Suppressed human 

monocyte-derived macrophage TNFα production caused by increasing 

concentrations of PGE2 in an albumin-free culture environment is antagonized by 

40mg/dl of >99% purified human serum albumin. All (D) AD plasma samples that 

dampened TNFα below the lowest TNFα exerted by plasma from healthy controls 

(Figure 1C) were arbitrarily grouped into ADMIS (AD plasma 

from most immunosuppressed) with the remainder called ADLIS (AD plasma 

from least immunosuppressed); albumin exerted its greatest reversal of 

immunosuppression on AD plasmaMIS samples. 0.5ml of 20% Human Albumin 

Solution (HAS) or normal saline (0.9%) was given to BDL mice (n=10/group) 1h 

before Group B streptococcus with (E, panel i) bacteria and (E, panel ii) 

PGE2 plasma levels measured 1h later (n=5). In (F) panel (i) 20% HAS was given to 

AD patients (n=6) and their pre- and post (1day)-albumin plasma samples 

incubated with LPS-stimulated human monocyte-derived macrophages. In panel F 

(ii) AD plasma induced immunosuppression persisted for up to 60 days after 

discharge and that administration of 1L 20% HAS on days 1 & 3 had no effect on 

long term immunosuppression (n=10). Data is represented as average ± SEM. 

* P<0.05 ** P<0.01 ***P<0.001, ANOVA. 

11 A serum albumin levels below 30mg/ml may predict 

susceptibility to infection 

AD plasma samples that dampened TNFα below the lowest TNFα 
exerted by healthy plasma (Figure 4A) were arbitrarily grouped 
into ADMIS (AD plasma from most immunosuppressed) and the 
remainder ADLIS (AD plasma from least immunosuppressed) 
(Figure 4D). Albumin and AH6809 reversed 
ADMIS immunosuppression, whereas ADLIS were refractory, (Figure 
4D and supplementary Figure 5 A-C). This differential effect of 
AH6809 on LIS/MIS samples was also observed in ESLD patients 
(supplementary Figure 5D). 
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Analysis of AD patient data (Table 1) demonstrated that albumin 
was the only feature that discriminated between MIS and LIS 
plasma samples (P=0.0012). Receiver Operating Characteristic 
(ROC) analysis of this cohort of 35 patients revealed that a cut off 
level of albumin of <30mg/dl predicted immunosuppression with 
a sensitivity of 70% (CI 47-87) and a specificity 67% (CI 35-90). 

12 20% HAS enhances bacterial killing in murine bacterial 

peritonitis 

2h prior to GBS challenge BDL mice treated with 20% HAS or 
saline (0.5ml, i.p.). In albumin treated mice the mean albumin 
levels rose from 24mg/dl to 32mg/dl. Albumin treatment resulted 
in significantly lower levels of blood bacteria 3h after GBS 
challenge compared to saline treated mice, Figure 4E(i), 
concomitant with lower plasma PGE2 levels, Figure 4E(ii). As 
albumin has no direct bactericidal effect we propose that it 
restores immune competence in BDL mice via PGE2 antagonism. 

13 Infusion of 20% HAS reverses immunosuppression in 

patients admitted to hospital with AD 

20% HAS given to patients with AD (median 200 ml) that had 
serum albumin concentration <30 mg/dl raised albumin levels 
from 23.7±1.7 to 30.1±3.1 mg/ml and reversed 
immunosuppression (Figure 4F(i), P<0.05, n=6). Samples taken on 
consecutive days from patients not given albumin demonstrated 
persistent immunosuppression. 

In patients admitted with acute hepatic encephalopathy we 
observed that plasma induced immunosuppression persisted for 
up to 60 days after discharge (P<0.001, Figure 4F(ii)) and that 
administration of 200ml 20% HAS on days 1 & 3 had no effect on 
long term immunosuppression (samples taken 8-60 days after 
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albumin). Saline administration also had no effect (supplementary 
Figure 5E). 

Go to: 

14 Discussion 

This study describes for the first time the primary cause of 
immunosuppression in AD and ESLD patients. Elevated circulating 
PGE2 concentration secondary to increased production, in 
combination with hypoalbuminaemia, drives innate immune 
dysfunction resulting in vulnerability to infection. This 
phenomenon was seen in all AD patients from day 2 onwards of 
their admission and persisted for at least 60 days following 
hospital discharge. We have shown a serum albumin 
concentration <30mg/dl is predictive of immunosuppression and 
20% HAS infusions to achieve a concentration above 30mg/dl 
reverses immunosuppression in human plasma ex-vivo and in 
vivo mouse models. We thus propose a new paradigm for the 
prevention and treatment of infection for patients presenting with 
AD. All patients should receive stratified HAS therapy to maintain 
serum concentration >30mg/dl for the duration of their 
admission. HAS may also represent an effective immune 
restorative strategy in ESLD patients18. 

The significant strengths of our study are that it represents a 
hypothesis-driven series of in vitro/vivo experiments in mice and 
humans. We have demonstrated a robust PGE2-mediated 
immunosuppressive effect in >75 patients with either AD or ESLD 
on the transplant waiting list, but not in >15 Childs A/non-
cirrhotic liver disease patients, with samples provided by 5 
different hospitals from two different countries. We selected 
macrophage production of TNFα as our primary assay of immune-
competence as reduced production of pro-inflammatory cytokines 
after LPS stimulation is associated with adverse outcomes 
following sepsis19, trauma20 and pediatric cardiopulmonary 
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bypass21. We used several other models of immune dysfunction – 
macrophage IL10 production and bacterial killing as well as 
mouse models of bacterial infection/survival to arrive at the 
conclusion that PGE2 drives immunosuppression in AD and ESLD. 
Naturally our proposed management paradigm for AD requires 
validation by a large-scale clinical trial. 

PGE2 has been shown to be a key mediator of innate immune 
dysfunction by inhibition of NADPH oxidase-mediated bacterial 
killing22,23 via up-regulation of cAMP24 and inhibition of FcγR-
mediated phagocytosis25,26. Increased PGE2 production is likely 
triggered by a combination of the inflammatory cell infiltrate 
secondary to liver injury and gut-bacterial translocation resulting 
in elevated COX activity in peripheral blood monocytes and 
Kupffer cells27. Importantly, the immunosuppressive effect of 
PGE2 was increased due to reduced circulating levels of albumin in 
AD patients which is known to bind albumin28, thereby increasing 
its bioavailability. This may explain why plasma from stable 
cirrhosis patients had no immunosuppressive effects despite 
elevated PGE2 (twice control values compared to a 7-fold increase 
in AD) as these patients had normal albumin concentrations. Our 
studies revealed the likely source of the PGE2 to be peripheral 
blood mononuclear cells, liver Kupffer cells and alveolar 
macrophages. Despite the apparent anti-fibrotic properties of 
PGE2

29 chronic COX 2 inhibition (celecoxib at 10mg/kg for five 
days) did not worsen liver fibrosis. 

Given the global increase in liver disease and that sepsis is the 
major cause of morbidity/mortality in cirrhosis3, treatment and 
prevention of infection in these patients will become a substantial 
health care challenge. Although immunosuppression is well 
documented in cirrhosis, prior to our study no underlying 
mechanism had been established and therefore no immune 
restorative treatment exists. 
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Although effective experimentally, non-steroidal anti-
inflammatory drugs (NSAIDS) are contraindicated in patients with 
decompensated liver cirrhosis due to increased incidence of renal 
impairment and gastrointestinal bleeding30. Albumin appears to 
antagonize PGE2’s effects on innate immune cells without 
compromising its protective role in other tissues. Albumin is 
already used to treat cirrhosis-associated complications including 
ascites, type I hepatorenal syndrome and spontaneous bacterial 
peritonitis (SBP), and its safety is well established31. In SBP, large 
volume albumin infusions (up to 160g on day 1 and 3 of 
admission) reduced mortality rates compared to controls32. While 
fluid resuscitation was undoubtedly beneficial in this setting, an 
immune restorative effect of albumin cannot be discounted33,34. 
This regimen is currently recommended in SBP27, however, as 
PGE2 induced immunosuppression persists throughout admission, 
albumin on day 1 and 3 may only have a modest benefit. We 
predict the immune restorative properties of albumin are only 
likely to last while serum albumin remains >30mg/dl and 
therefore repeated infusions will be necessary. 

In conclusion this is the first study to show that elevated 
PGE2 represents the underlying cause of immunosuppression in 
AD and ESLD patients. We propose a new management strategy to 
reverse immunosuppression in patients presenting with AD. 
Repurposing albumin as an immune restorative drug in these 
patients to target a serum albumin >30mg/dl throughout 
admission will restore immune competency and both augment 
treatment of infection and prevent nosocomial infection. This 
would potentially lead to improved mortality, reduction in ICU 
admission, hospital stay and antibiotic use. 

Go to: 

15 Methods 

16 Human Models 
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Samples were obtained from several sources representing the 
spectrum of cirrhosis patients that vary in vulnerability to 
infection. Non-cirrhotic liver disease patients were used as a 
control. Informed consent was obtained from all subjects. 

• (i) Acutely decompensated patients: 
o a 

  AoCLF samples - Predictive utility of DASIMAR 
as a prognostic biomarker in AoCLF 
(ClinicalTrials.gov: NCT01071746). 

o b 

  Acute encephalopathy - ALFAE (Efficacy of 
albumin for acute encephalopathy in patients with 
cirrhosis, Hospital Clinic of 
Barcelona; ClinicalTrials.gov: NCT00886925). 

o c 

  First presentation with decompensation 
secondary to alcoholic liver disease from University 
College London Hospital (UCLH). 

• (ii) Patients on the liver transplant waiting list, 
representing ESLD. These were followed up for 24 weeks 
- MACHT (Effect of midodrine and albumin in the 
prevention of complications in cirrhotic patients awaiting 
liver transplantation, Hospital Clinic of 
Barcelona; ClinicalTrials.gov: NCT00839358). 

• (iii) Stable cirrhosis (Child’s Pugh A) from The Royal 
London Hospital outpatient clinic. 

https://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT01071746
https://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT00886925
https://clinicaltrials.gov/
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• (iv) Non-cirrhotic liver disease (Non-Alcoholic Fatty Liver 
Disease) from The Royal London Hospital outpatient 
clinic. 

Ethical approval was granted for all studies (see supplementary 
methods). 

Lipid mediators were analyzed by liquid chromatography coupled 
to electrospray ionization tandem mass spectrometry (LC/ESI-
MS/MS) based on published protocols35. Human monocyte-
derived macrophages36 were stimulated for 24h with 200ng/ml 
LPS (Salmonella Abortus, Enzo Biochem, Inc) ± plasma/serum 
(25%) or eicosanoids of interest ± AH6809 (50-300μM, Sigma 
Aldrich, Dorset, U.K.) or albumin. Multiple mediators or plasma 
samples were evaluated simultaneously. Supernatants were 
collected for cytokine analysis. In bacterial killing 
experiments Escherichia Coli (clinical isolate) was added to 
macrophages (100:1) ± AD or healthy volunteers (HV) plasma ± 
AH6809/albumin. Standard real-time polymerase chain reaction 
(rtPCR) was performed on polymorphonuclear cells from AD 
patients and healthy volunteers. 

17 Animal 

Mice were maintained in a 12h/12h light/dark cycle at 22 ± 1°C 
and given food and tap water ad libitum in accordance with UK 
Home Office regulations. Studies were performed in male 
C57Bl6/J mice (20-25g) from Charles River UK, Margate, UK. Two 
models of liver injury were used: Bile duct ligation (BDL, 2 weeks) 
was performed37 or Carbon Tetrachloride (CCL4, Merck, 
Darmstadt, Germany, 8 weeks) given s.c. (1 ml/kg) twice weekly 
and 300mg/L phenobarbital in water38. We used these to 
investigate whether PGE2 inhibitors affected bacterial killing and 
survival in infection models in vivo. 

18 Statistical analysis 
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For calculation of group sizes, from experiments with murine 
peritonitis, cellular profiles, inflammatory protein expression and 
lipid mediator production is extremely reproducible. We found 
with random allocation of animals to each group that intra-animal 
replicate variability is much less than inter-animal biological 
variability. An effect size of ~40% of parameter mean is 
considered biologically relevant. Using this and population 
statistics, to enable statistical determination at a P<0.05 in a 
primary ANOVA screen followed by post-hoc Bonferroni corrected 
T-test at 90% power, a group size of 5 animals is necessary with a 
maximum of 5 groups per experiment. Applying this approach to 
humans using human cirrhotic plasma on humans cells with 
bacterial killing and TNFα as a readout, a minimum of n=10/group 
was required in order to discern significant changes in immune 
function. Statistical analysis was performed using GraphPad Prism 
4 (GraphPad Software). For comparisons between multiple 
groups, 1-way ANOVA with repeated measures was performed 
followed by Bonferroni post-test. Comparisons between 2 groups 
were made by 2-tailed (un)paired t test. Differences between 
time-response curves were assessed by 2-way ANOVA. 
Correlations between variables were calculated using linear 
regression with Pearson statistic. For data not normally 
distributed (clinical data presented in Table 1) the Mann-Whitney 
test was used. P < 0.05 was considered statistically significant. No 
data, either rodent or human, were excluded from analysis. 

19 Randomisation 

Cages of animals (n=5/cage) were randomly allocation to surgical 
or chemical-induced liver injury. Thereafter, groups of mice were 
allocated to receive drug intervention, infectious stimuli or both. 
In addition, groups of liver disease mice and sham controls were 
chosen for plasma extraction for ex vivo bioassays, where 
appropriate. For human studies, randomisation was not possible 
as human monocyte-derive macrophages received plasma from 
either healthy volunteers or from liver disease patients. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5369639/table/T1/


20 Blinding 

For all mouse and human cell culture and bacteria experiments 
and mouse survival experiments, the investigator was blinded to 
the sample source during both the experiment and analysis of the 
data. 
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24 Abbreviations 

AD Acute Decompensation 

ESLD end-stage liver disease 

AoCLF acute-on-chronic liver failure 

PG prostaglandin 

CCL4 carbon tetrachloride 

BDL bile duct ligation 
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